.25 mM. Other nucleoside triphosphates could be substituted for ATP, but none of the common nucleoside triphosphates was as effective as ATP in promoting in vitro encapsulation.
Removal of nucleoside triphosphates from extracts prepared from bacteriophage T7-infected Escherichia coli results in a stringent requirement for added ATP to form infective phage particles by in vitro packaging of bacteriophage T7 DNA. Optimal packaging efficiency was achieved at a concentration of about 1.25 mM. Other nucleoside triphosphates could be substituted for ATP, but none of the common nucleoside triphosphates was as effective as ATP in promoting in vitro encapsulation.
Although double-stranded DNA bacteriophages have served as the system of choice in many recent studies of DNA metabolism, the details of the mechanism(s) by which the various phages encapsulate their DNA remain obscure (6) . Bacteriophage T7 provides an especially interesting system because of the wealth of genetic and biochemical information accumulated with this phage (8, 23) and because of the availability of in vitro systems which facilitate study of DNA metabolic processes (16, 18) . In vitro packaging of bacteriophage T7 DNA has also been described (10, 12) . Initially, encapsulation of exogenously provided T7 DNA was achieved by recombination with endogenous DNA present in the crude extracts used in the packaging reaction (19) . It has also been possible, however, to achieve in vitro encapsulation of highly purified exogenous DNA without any apparent recombination during the packaging reaction itself (12, 14) . This (2, 6) , including the closely related phage T3 (7) , and since the question of a possible energy source to drive the encapsulation process is of some importance in understanding the molecular mechanism of phage DNA packaging, we have refined our system for T7 DNA packaging and readdressed the question of whether encapsulation requires ATP.
Suppressor-free Escherichia coli W3110 was infected with T7 carrying amber mutations in genes 3, 5, and 6, three genes required for efficient phage DNA replication and recombination (8, 22, 23) . The phage-infected cells were gently lysed, and an extract was prepared by centrifuging the lysate and recovering the supernatant. Nucleoside triphosphates (NTPs) were removed by sedimenting the supernatant through "minicolumns" of Sephadex G-50. These extracts, as well as the crude extracts, were used in the standard packaging reaction to encapsulate genome-length T7 wild-type DNA in the presence of 1 mM added ATP, 1 mM
or no additional triphosphate. The data in Table  1 verify that the crude extract (which may already contain NTPs) showed no requirement for additional ATP. The encapsulation process was, however, severely retarded when ATP[,yS] was included during incubation. Removal of NTPs with Sephadex caused a pronounced dependence upon an exogenous source of ATP. In some experiments a lower packaging efficiency was found after extracts had been passed through Sephadex, but the dependence on ATP was still pronounced, and ATP[yS] was found to inhibit the packaging reaction.
The effect of ATP concentration on packaging capability is shown in Fig. 1 . It was found that production of viable phage was greatest at an ATP concentration of about 1.25 mM; higher ATP levels caused a reduction in packaging efficiency. The possibility that other NTPs might effectively serve as energy sources during encapsulation was also considered. Table 2 shows that at a fixed concentration of 1.25 mM, each of the eight deoxyribo-and ribonucleoside triphosphates conferred significant potential for in vitro packaging. It is apparent, however, that the highest level of phage production was achieved with ATP.
Presumably the condensation of T7 DNA into a tightly packed configuration during encapsulation is ultimately responsible for the observed dependence upon an energy source. It is not clear, however, at what stage of the packaging process the ATP is required. Since the experiments reported here were performed with T7 mutants deficient in T7 DNA polymerase and since deoxynucleoside triphosphates were removed from the reaction, it is unlikely that DNA replication, known to be ATP dependent, is directly involved in packaging. T7 codes for an ATP-dependent ligase (1) . However, this enzyme is nonessential, and T7 mutants deficient Effect of ATP concentration on packaging capability. In vitro packaging reactions were performed using an extract sedimented through Sephadex as described in Table 1 , footnote a. The reactions each contained 3.5 x 109 phage equivalents (0.46 nmol of nucleotide phosphorus) of wild-type T7 DNA and the indicated concentration of ATP. The figure shows the average yield of viable wild-type T7 phage.
in polynucleotide ligase are able to grow by using the E. coli (NAD-dependent) ligase (13) . Experiments using a modified version of the system described here also showed ATP-dependent packaging performed by extracts prepared a In vitro packaging reactions were performed as described in Table 1 , footnote a, using an extract passed through Sephadex. The reactions contained 3.5 x 109 phage equivalents of T7 wild-type DNA and a 1.25 mM concentration of the indicated triphosphate. The composition of the stocks of NTPs (Schwarz/ Mann) was verified by chromatography on polyethyleneimine thin-layer plates (Brinkmann Instruments Inc.) as described previously (15) . The values shown are the average of two separate experiments in which each reaction was performed in triplicate. Values shown are relative to the reaction containing ATP. The average yield of phage for the +ATP reaction was 7.5 with a T7 ligase deletion mutant (data not shown). Thus, it is also unlikely that the ATP dependence observed with the T7 packaging system is entirely due to direct involvement of the ligase of the phage. Various models have been proposed to account for T7 DNA encapsulation (6, 9, 17, 20, 21) . One of these suggests that physical expansion of a capsid attached to DNA could cause the capsid to engorge the DNA, possibly as the result of a pressure differential (20, 21) . It is possible that alteration and expansion of the capsid might be promoted by an ATP-dependent process as yet undefined. Alternatively, ATP could be used to drive the DNA into the phage head in a more direct way. There are already several examples of ATPdriven DNA conformational proteins within E. coli and its phages (3, 4) . The T7 gene 4 product, known to be a potent ATPase (11), is probably not responsible for the dependence we observe, since T7 DNA has been successfully packaged using extracts deficient in the gene 4 product (18) . Recently, Hendrix proposed a model in which a protein pump, using ATP as an energy source, is imagined to twist the DNA into the unfilled capsid by rotation between the capsid and a collar which surrounds the double-stranded DNA molecule (9 
